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ABSTRACT
In this work, we have evaluated 2D layered material composites for opto-electro-mechanical
sensing applications. In particular, we have focused on TMDCs and graphite and studied the effects of
chemical liquid exfoliation on the structural characteristics of the 2D layered materials, through particle
size, x-ray diffraction, Raman and surface area analysis. An approach was developed to combine the
solution-processed dispersion with organic and inorganic matrix materials for forming the composites.
From Raman Spectroscopy of the ultra-sonicated samples, the I2D/IG>2 for graphite, and for MoS2 the
difference between the A1g and E2g peak was 22.85cm-1, consistent with few layer 2D MoS2. In terms xray diffraction measurements of possible exfoliated materials, TMDCs and graphite, provided similar
behavior when stress was induced while ultra-sonication took place, whereas aluminum powder
particles, which were also analyzed for comparative purposes, tended to not follow this behavior. Once
the characterization was completed, the treated samples were introduced into two dissimilar polymer
matrix materials, an elastomer and an acrylic material. The graphite composite samples produced
electrical signals on both of the matrices, i.e. the elastomer was combined with the graphite powder and
yielded a novel composite that was tested for its opto-electro-mechanical response. The graphite
elastomer based composite produced sensitivities of 0.90 V µA-1 at 7 V, 0.65 V µA-1 at 5 V and 0.39 V
µA-1 at 3 V. On the other hand, the graphite-acrylic composites were tested in bending mode where the
optical and electronic characterization data was gathered as a function of strain and loading density.
Tunneling based mechanisms and percolation theory were used to explain the behavior of the
composites in terms of the strain response as a function of the loading density. This work forms a solid
foundation from which to pursue more advanced studies on the opto-electro-mechanical response of 2D
layered material based composites for a wide range of applications, such as strain sensors used in health
monitoring and non-destructive evaluation of materials.
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CHAPTER 1: INTRODUCTION

1.1

Motivation
Promising materials in the two-dimensional (2D) layered materials family such as graphite,

MoS2 and WS2 have already been utilized in a wide range of applications. For such materials to have
promise in applications, a facile approach for producing large quantities of these materials is necessary.
Specially, one of the actively pursued approaches to produce these materials has been through chemical
exfoliation using ultra-sonication in liquid organic solutions, such as N-Methyl-Pyrrolidone (NMP).
When exfoliating these materials into a 2D layer structure, they can provide excellent optical and
electrical properties for semiconducting applications. In other words, these applications correspond to
sensing devices in mechanical and biomedical environments by producing optical and electrical signals
capable to be detected.
Even though the studies made in chemical liquid exfoliation in NMP are numerous, there are
studies that can be done to determine the mechanisms and performance of this technique (Hu et al.
2013). Among the studies that can be performed to develop better understanding in 2D layered material
processes, there are characterization techniques that have not been contemplated, which could produce
potential growth in development and performance. Chemical liquid exfoliation is a practical way to
fragmentize bulk materials such as TMDs and graphite, more over it is also a simplistic and interesting
approach to produce 2-D layered materials (Cunningham et al. 2012).
The devices that are mostly produced by these exfoliated materials consist of composites in thin
films or heterogeneous structures; however, is also foreseen that 2D layered material properties can also
be implemented in 3D composite devices. Therefore, understanding and executing new techniques to
characterize 2D materials would maximize the introduction of 2D layered materials into composite
applications.
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1.2

Objectives
Two dimensional (2D) layered materials and non-layered materials are implemented in this study

by chemical liquid exfoliation method in NMP solvent. Once these materials are ultra-sonicated,
interactions are taking place within particles in the dispersions. The goal of this experimental work
described in this thesis is to investigate materials particles during solution processing and composite
formulation, which include the following studies:
•

To determine ultra-sonication effects when exposing MoS2, WS2, graphite and aluminum
into chemical liquid exfoliation by ultra-sonication bath system

•

To implement the treated ultra-sonicated materials in polymer matrix for the creation of
composites to investigate their optical and electrical properties as a function of strain
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CHAPTER 2: BACKGROUND

As nanotechnology is exponentially increasing, new applications and research are evolving. As
the new generation of applications is emerging in the research area, as well in the market, also new
materials and different processes are in need to be explored. Right now, in the 21st century, there are
high demands in the biomedical applications. Researchers are correctly thinking about the improvement
of life quality; therefore, in order to come up with better performance of human body, it is necessary to
understand body movement at its full extent. When talking about human body movement, interactions of
forces and stresses come into place, in which the human body is subjected to when experiencing
displacement throughout the body. So then new technology, especially nanotechnology, is trying to
achieve better quality on devices that perform personal health monitoring, rehabilitation monitoring, and
sports performance monitoring (C. X. Liu and Choi 2009; Giorgino et al. 2009; Lorussi et al. 2005; C.X. Liu and Choi 2009; Rautaray and Agrawal 2011). There also are many other applications in which
nanotechnology can be implemented, such as in apparatus where life of a material needs to be
monitored; for example, looking into creep, fatigue, sensing, catalysis, and energy storage applications
(Rautaray and Agrawal 2011; Rosenberger et al. 2012). All these biomedical and mechanical
applications make the researches take an especial look and consider how these types of sensing devices
can take place with distinctive optical, mechanical, and electronic properties, which is the leading
question that take us to the investigation of what type of materials are ideal to perform in this category
of materials are needed to enhance this new applications (Rogers, Someya, and Huang 2010).
These material’s systems need to have exceptional mechanical, optical, and electrical properties
to perform such measurements. Nanotechnology is looking for flexible, stretchable, and sensitive
materials that can yield to such analyses (Rogers, Someya, and Huang 2010; Yao and Zhu 2014). Strain
3

sensor materials are the key for the success of non-expensive, high performance, and life-long
monitoring systems (Pantelopoulos and Bourbakis 2010; Kaltenbrunner et al. 2013). Strain sensors
consist of 3 main steps in order to perform its functionality, which are motion of the material, electrical
and optical signals, and measurement. The external forces acting on the material will generate a motion
within the structure of the material by the introduction of new dislocations, cracks, strain, or geometrical
changes. The change in structure, if the material is sensitive enough, produces differences in optical and
electrical properties. Having optimal electrical and optical properties for such application, when motion
takes place these properties are affected, producing electrical and optical signals (Kaltenbrunner et al.
2013; Yamada et al. 2011; Amjadi et al. 2014; Hempel et al. 2012). Electrical and optical signals are
then converted to produce a strain measurement of deformed materials; this measurement can be related
to compression, tension, creep rupture, or fatigue damage. The response of material devices is a
consequence of the mechanical deformations that make the electrical resistance change; there could be
also changes in capacitance when the device is subjected to external stains. Finally, these signals are
emitted as part of the sensor functionality to recognize changes in the material device so that those can
be transported to monitoring systems.
After reviewing the main concepts of the strain sensors and the motivation that has proposed by
the development of new and better stain sensor materials, it is time to focus on the materials that are
being used and the way to process good quality materials. Therefore, it is critical to understand the
behavior of the materials subjected to these kinds of applications. Composites offer a facile means to
tailor the properties of hybrid, dissimilar material systems for applications ranging from optoelectronics
to strain sensors. As one of the main studies in nowadays, graphene has become a material with high
importance in the development of new devices, not only in strain sensors but through all the
nanotechnology field (Geim 2009; Novoselov et al. 2012). Graphene is a unique and promising material
for the nanocomposite strain sensors (Khan et al. 2010). Graphene consists of a structure, which is
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hexagonally bonded carbon atoms in a thin atomically layer. This structure is capable a reaching
exceptional electrical properties. Due to the transparent conducting electrons, graphene can tolerate
enormous amounts of deformation. These mechanical and electrical properties make of graphene a
perfect candidate for strain sensor materials (Hill, Vijayaragahvan, and Novoselov 2011).
Its been demonstrated through experimental results what graphene is capable of doing; however,
research has still been done to graphene properties to excel its properties and performance in different
fields (Geim and Novoselov 2007; Katsnelson 2007; Castro Neto et al. 2009). That is why also
theoretical approaches have been done in order to understand more the nature of this material. With
these interesting properties in the polycrystalline graphene, theoretical studies have shown that grain
boundaries in graphene, which is a 1-dimentional defect in the graphene structure, have fascinating
electronic, magnetic, chemical, mechanical, and thermal properties (Albrecht et al. 1988; Clemmer and
Beebe 1991; Lahiri et al. 2010; Červenka and Flipse 2009; Peres, Guinea, and Castro Neto 2006;
Yazyev and Louie 2010b; Mesaros et al. 2010; Malola, Häkkinen, and Koskinen 2010; Y. Liu and
Yakobson 2010; Yazyev and Louie 2010a; Grantab, Shenoy, and Ruoff 2010; Bagri et al. 2011). These
grain boundary defects do not affect the periodicity of the structure, and still well enough to lead the
momentum conservation, which leads to the high charge transmission across the grain boundary
(Yazyev and Louie 2010b). Now, as the crystallographic orientations change, the grain boundary can be
either transparent or perfectly reflective for charged carrier over large energy range (Huang et al. 2010).
With this and knowing that graphene does not have a band gap, graphene grain boundaries can be
properly designed in order to modulate the transport gap, without an introduction of a band gap (Pereira
and Castro Neto 2009).
Graphene not only has outstanding properties, it also has some practical preparation and easy
manufacture (Paton et al. 2014). In the case of rubber bands with dispersed graphene the preparation was
subjected to two main steps: 1) liquid exfoliation of graphene and then 2) the infusion of graphene into
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the rubber band. In order to do the liquid exfoliation of graphene as discussed by Boland et al, the
graphene is dispersed in the solvent N-Methyl-Pyrrolidone (NMP) using exfoliation techniques
(Hernandez et al. 2008; Jonathan N. Coleman 2013).
Furthermore, many studies in graphene’s structure and properties gave birth to a new set of
studies of many other different compound materials; it is the case for the Transition Metal
Dichalcogenides (TMDCs). These novel materials consist of well-bonded hexagonal transition metal
atoms in between two layers of chalcogen atoms, which can be S, Se, or Te. This general structure
covalently bonded is then stack into different layers by van der Waals forces.

The TMDCs are

compounds that can be classified as metallic, semi-metallic, and semiconductor due to the oxidation
state and coordination number. In this study the focus on the semiconductors in MoS2 and WS2 will be
investigated. As the number of layers of these bulk materials are reduced, electronic properties become
more interesting providing special features that make them be considered for composite and sensing
applications. These characteristics in TMDCs make also these materials to be included in exfoliation
studies to achieve monolayer materials (Jariwala et al. 2014).
Considering MoS2, as mentioned previously, it is a semiconducting material that is being
considered for its promising optical and electrical properties as the number of layers decreases. Its
structure, as its stoichiometry shows, corresponds to two atomic planes of sulfur with an in between
atomic plane of molybdenum. As a bulk material, MoS2 provides an indirect band gap; however, as the
number of layers decreases it becomes a direct band gap. This monolayer with unique structures has a
thickness of 0.62 nm, bigger than graphene, which has 0.34 nm as a monolayer, the only difference is
that graphene do not have a band gap to offer as this semiconductor, MoS2 (Tao et al. 2014).
MoS2 facilitates development for optoelectronic applications to deliver ultrasensitive sensors.
(Jawaid et al. 2015) On the other hand, of semiconducting TMDCs, there exists WS2 that is been
studied but still not many experimental data has been recorded. WS2 seems to have better chemical
6

stabilities than MoS2, with also unique electronic properties suitable for optical components, I-C chips,
catalysts and devices for and biological systems (Carey et al. 2015).
In a monolayer form WS2 has a band gap of at least 2.0 eV, whereas in MoS2 the band gap
energy corresponds to 1.81 eV (C.-X. Liu and Choi 2009; J. N. Coleman et al. 2011). WS2 is
sandwiched tungsten atomic plane by two sulfur atomic planes compared to molybdenum in sulfur; the
atomic mass of tungsten is much higher than molybdenum atom. Therefore, due to its larger mass the
valance band of WS2 is ~425meV, where for MoS2 is ~ 150 meV (Ovchinnikov et al. 2014). Due to this
same fact of atomic mass, it usually corresponds to a high interatomic bonding as the mass increases;
consequently, WS2 provides higher interatomic bonding than MoS2.
Several methods are been proposed to disrupt van der Waals bonds in the materials. Ali Jawaid
et al provided with three different methods to produced exfoliation, in which three different medias were
investigated. The first one was developed and produced great number of developments once graphene
was exfoliated from graphite A. K. Geim and K. S. Novoselov by mechanical exfoliation (Jawaid et al.
2015; Geim and Novoselov 2007). Mechanical exfoliation constitutes in breaking van der Waals forces
by utilizing adhesive tape or by grinding media (Jawaid et al. 2015). Even though this method is reliable,
the production of monolayer or 2D layer materials cannot be implemented in a massive manner due to
the constraints that adhesive tapes or grinding can provide only minute samples for laboratory use.
Additionally, using grinding media to mechanically exfoliate materials such as graphite or TMDCs can
become a problem when grinding media starts peeling off because purity of exfoliated materials can
increase or can be difficult to filter few or monolayer flakes.
The second method discussed by Ali Jawaid et al consisted of unsetting the van der Waals, in
which the ions interfere in the 2D materials as interlayer inclusions that modify crystallographic
structure. Then, when subjected to vibration or particle movements, the layers peel off; however, further
processes are needed to disassociate the intercalated ions from the layers. This method requires longer
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time production, due to the several processes and inert environment needed (Jawaid et al. 2015).
Therefore, this costly method provides more constraints in the development of 2D materials.
The third method entails chemical liquid exfoliation, in which bulk materials is exposed in a
solvent solution. The dispersed material in the solvent solution is then subjected to ultra sonication, via
bath sonication or probe sonication. Many organic solvents are being used to facilitate well exfoliation
of bulky materials into few or monolayer structured material (Jawaid et al. 2015). While ultra sonication
is taking place many factors affect are affecting the exfoliation technique, such as, type of organic
solvent used, temperature, form of bulk material (powder or pellets) and ultra sonication power. Surface
tension also plays a role in this method, in which there exists higher yield when surface tension of the
liquid in the solvent is closer to the value of the surface energy of the solid. The higher yield produces
higher interaction, and as ultra sonication is taking place the external forces to mechanical movement
overcome internal forces such as van der Waals, as a result, few or monolayers of the dispersed
materials are generated. In the last few years this method has become very well developed, especially
with the assortment of organic solvents that can be utilized to produce exfoliation on materials with 2D
layer capability. Among the implemented organic solvents the most common are Cyclohexanone, Nmethyl-pyrrolidinone (NMP), Dimethylformamide (DMF), Isopropanol (IPA) and Dimethylacetamide
(DMA). However, several studies have determined that NMP constitutes in one of the most promising
and recommended organic solvents, due to its high yield in the presence of oxygen and water (Carey et
al. 2015; J. N. Coleman et al. 2011). Materials such as graphite, MoS2 and WS2 have already being
exposed to chemical liquid exfoliation in NMP and generating atomic layers; however, there are still
many studies to determine the mechanisms and performance of this technique (Hu et al. 2013). It is
known that chemical liquid exfoliation is a practical way to fragmentize and shear bulk materials such as
TMDs and graphite; moreover, it is also a simplistic and interesting approach to produce 2-D layered
materials (Cunningham et al. 2012). Therefore, 2D layer materials and non-layer materials were
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implemented in this study to compare and to understand the effects of chemical liquid exfoliation
method in NMP solution.

9

CHAPTER 3: EXPERIMENTAL PROCEDURES

Powder materials subjected to ultra-sonication process in (NMP) solution, MoS2, WS2, Graphite,
and Aluminum powder, were compared by utilizing characterization techniques. Each material was
investigated at different times of ultra-sonication, running from 0 min to 18 hours using Branson 4500H
ultra sonication system. In order to carry out these comparisons, the powder:NMP solution was
dispersed at a concentration of 37.5 mg of powder per mL of NMP on a 50 mL beaker.
By employing different sonication times, changes in particles were observed in the dispersed
solution. Therefore, the characterization performed in this study consisted in understanding the particle
and structural behavior upon ultra sonication of powder particles. By characterizing the changes on the
tested powder materials effects on ultra sonication were identified. The instrumentation for this analysis
consisted of Microtrac and Scanning Electron Microscopy. During SEM powder evaluation morphology
and particles size were investigated. SEM micrographs have been reported on the materials considered
for this study. However, the uniqueness of this investigation also focuses on the particle size distribution
measurement by utilizing Microtrac S3500 (Bluewave model) with a capability of performing wet
measurements and provides particle dimensions ranging from 0.02 to 2800 µm.
The dispersed powder to be measured is carried by IPA through a light scattering technique
system in which 3 lasers (2 blue and one red laser) are emitted to the powder particles. The red laser
scatters the light from 0 to 60-degrees to acquire the large particle sizes whereas the blue lasers with
smaller wavelength detect particles under the submicron and nanoparticles in the dispersed powder.
Both blue lasers are aligned together, but facing opposite directions, then with this lower wavelength
and positions provides repeatable, accurate, and reliable data. The distribution effects upon ultra
sonication provide a new study and path for developing liquid chemical exfoliation by ultra sonication.
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Along with the particle size distribution and the morphology evaluation, another set of
investigation was performed to revise special characteristics at the atomistic level. This examination
complemented the experiment by providing atomistic effects upon ultra sonication by the use of XRD,
which was employed to see any shift or peak widening of the different ultra-sonication times. By
modifying physical characteristics in powder is not sufficient for the creation of hybrid composites.
Therefore, Raman spectroscopy was introduced to see how ultra sonication times facilitated the
chemical exfoliation of 2D materials.
In order to provide and analyze reliable data, MoS2, WS2, graphite, and aluminum powders were
divided into 5 different sample sets, in which each set of material powder was exposed to a different
ultra-sonication time. The first sample of each powder material was a bulk, plain, and untreated model,
which served as the control sample; this sample was not exposed to ultra-sonication treatment. The
subsequent four samples corresponded to the following ultra-sonication treatment times: 30 minutes, 6
hours, 12 hours, and 18 hours. These ultra-sonicated powders were transferred to IPA solution for
measuring particle size and deposition onto Si and SiO2 wafers in order to analyze via SEM and Raman
spectroscopy, respectively. Then, for XRD analysis the IPA with the dispersed powder was evaporated
at room temperature and the powder alone was evaluated by x-ray diffraction mechanism.
Once structural characteristics were analyzed on each of the powders, hybrid composites were
incorporated to analyzed possible applications for optical, mechanical, and electrical devices on
elastomers and acrylic materials. After characterization of powder particles of 4 different materials such
as MoS2, WS2, graphite, and aluminum powders exposed to the ultra sonication in NMP solution, the
powders were integrated into two different hybrid composites. Figure 3.1 shows the first composite, in
which the ultra-sonicated powder is introduced into a elastomer matrix, in this case a rubber band.
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Figure 3.1

i.$MoS2$

ii.$WS2$

iii.$Graphite$

iv.$Aluminum$Powder$

18-hour ultra-sonication powder was introduced into treated rubber bands with Toluene
and NMP solutions.

Two samples of graphite/graphene were developed at different graphite/graphene dispersed
concentrations, 37.5 mg mL-1 and 75 mg mL-1. For rubber band composites, the experimental method
was followed by Boland et al experiment, where rubber bands were soaked in Toluene solution for 3.5
hours to expand the matrix by swelling mechanisms (Boland et al. 2014). After swelling, rubber bands
were introduced to the 18 hour ultra-sonicated powders dispersed in NMP-water for a period of 48
hours; during this time the particles transferred to the elastomer matrix. As mentioned by Boland et al,
water was added to make the particles energetically favorable to move from the solution to the elastomer
pores (Boland et al. 2014). Finally, the rubber band was placed into the oven for 72 hours at 60 degrees
to let it dry; this way water and NMP were removed. This composite was then exposed to electrical
measurements as a function of mechanical movement. A standard local-machined device, shown in
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figure 3.2, carried out this mechanical movement in which the elastomer was exposed to tensile
movement at different strain levels.

Figure 3.2

Local-standardize device to subject rubber bands to tensile force.

While developing the rubber bands, the dispersion of the treated materials powder in the
composite was not uniform, except for the case of the graphite, which was well distributed and had
interesting electrical measurements; this will be discussed furthermore in this paper. As far as the rest of
the elastomer composites, there was a poor concentration and dispersion among the rubber band. Due to
this, no electrical data was produced, but new investigation was open to see how this experimental
method can be implemented in which good electrical data can be produced.
The second composite in Figure 3.3 corresponds to an acrylic solution, which once the dispersion
of the powder is present addition of hardener is needed to solidify the composite. Acrylic composites
were developed by the incorporation of 18-hour ultra-sonicated powder at different concentrations (250,
300, 350, and 400mg mL-1). Graphite/graphene powder was dispersed into 3 mL of acrylic solution.
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When creating the ultra-sonicated powder:acrylic mixture, it was then dropped into local manufactured
molds. These molds were machined using US standard tools for a sample size dimensions outcome of
2.5 in (6.35 cm) in length, 0.5 in (1.27 cm) in width, and 0.05 in (0.127 cm) in depth. The poured ultrasonicated powder:acrylic mixtures were exposed to the incorporation of 2 drops of hardener for
solidification purposes and overnight drying at room temperature. With successful completion of hybrid
composites in acrylic matrix, as shown in Figure 3.3, electrical measurements were obtained by creating
contacts with silver ink and then subjecting the sample onto the probe station at different deformation
stages, the distance between probes was fixed to 1 cm.

i.#Control#

iii.#Aluminum#

ii.#Graphite#

iv.#MoS2#

Figure 3.3
Hybrid composites with acrylic matrix and 18-hour ultra-sonicated treated graphite,
aluminum and MoS2 powders. Control sample corresponds to the acrylic matrix sample without any
introduction of treated material powders.
Besides I-V measurements performed, optical measurements were analyzed with respect to
mechanical bending. Therefore, in order to carry on analyses as a function of elastic deformation, five
local 3D printed fixtures with different radius of curvature were designed. As seen in Figure 3.4, the
measurements for electrical and optical properties of these particular hybrid composites were produced
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by the local-fabricated fixtures with different radius of curvature, in which the powder:acrylic
composites samples were placed on top of the fixture and fixed at the endpoints to reproduce reliable
data.

i.#

ii.#

iii.#

iv.$

v.#

vi.$
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Figure 3.4

Design of local-standardized fixtures at various radius of curvature for bending
mechanisms in optical and electrical measurements.

However, the material powders reacted in with unique characteristics. In the case of
graphite/graphene:acrylic mixture generated the expected composite sample, a flexible and solid
materials. Graphite/graphite-acrylic composite also caused successive and reproducible measurements in
the optical and electrical signals. Aluminum composites reacted in a similar way, well-meaning samples
were developed with higher flexibility than graphite. However, electrical properties were expected to be
acceptable, which in this case did not happen. Even though aluminum is a conductive material, in this
circumstance the composite material did not show electrical measurements.
Several suggestions can be developed at this point which can lead to a start of a new study.
Surface tension of the following acrylic at the aluminum powder surface can be high enough to isolate
each powder agglomeration between one another. Another suggestion can be developed by the reaction
of the acrylic and aluminum causing a nonconductive secondary phase at the surface of the aluminum
particles. In the case of TMDCs, unexpected results were observed during the final steps of the acrylic
integration. MoS2 did not complete solidified after the drying process, but effective removal from the
mold was accomplished. For WS2, no solidification occurred and a highly viscous material was
produced. Therefore, no electrical or optical measurements were produced after the intent of creating
TMDCs hybrid composites. This unique observation brings to the study of what is causing the viscous
materials, but also novel characteristics can be achieved by incorporating this TMDCs-acrylic reaction
15

in the graphite/graphene:acrylic composites to enhance flexibility and ductility. Therefore, with these
unique observations future work can be developed; however, for this study graphite/graphene:acrylic
composites were analyzed on its electrical and optical properties as a function of concentration and
mechanical deformation.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Materials Characterization
As-received MoS2 powder particles consisted of an original mean size of ~6.5 microns as seen in
Figure 4.1, with a Nagakami probability distribution fit, which best fitted by Matlab software package.

Figure 4.1

Measured as-received MoS2 powder, with a Nagakami probability distribution fit.

Immediately after MoS2 was subjected to ultra-sonication, the particles decrease in their size as a
function of time; this shift to smaller particle sizes is shown in Figure 4.2. However, the fragmentation
of particles did not take place at the same rate. The greatest particle size reduction with respect to time
took place on the first interval of the ultra-sonication time during the first 30 min. Then, after 30 min,
the reduction was not as pronounced as initially; however, the creation of a second mode and even a
third mode at the 6-hour ultra-sonication time was produced. This generation of second and third modes
shows a clearer change in particle size, in which they represent the transition between coarse to fine
particles.
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Particle size distribution of treated MoS2 at different ultra-sonication times with an inset
graph for finer MoS2 particles.

This may suggest that as ultra-sonication time lapses at a constant power generation of new
modes are developed in order to attain the smallest particle for that a particular power. Once the
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fragmentation of this particles lowers as a function of time, the particles will turn into a single mode.
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Particle size v. time graph of MoS2 treated powder particles showing bi and tri-mode
appearance.
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In Figure 4.3 the generation of new modes are shown, and it can be seen how after 6 hours the
third mode disappears and the second mode prevails even at 18 hour ultra-sonication time, which also
suggest that if the powder was ultra-sonicated for longer times at the same constant power the second
mode would have disappeared and the mean value of the single mode would have been ~1 micron size
particle. In order words, it is suggested that at times longer than 18 hours the powder particle would
eventually complete the transition to fine particles suitable for the operating power of the ultrasonication system.

i.#

ii.#

30'minutes'

Control'

iii.#

iv.$

6'hours'
Figure 4.4

18'hours'

SEM micrographs of treated MoS2 powder showing more particle dispersion as time
increases with fine particles.

Then, in Figure 4.4, Scanning Electron Microscopy (SEM) effectively shows the change in
particle size at 30-minute ultra sonication, where some coarse particles (charged in white) are shown as
well as the finer particles. This background continued appearing at the 12 and 18 hours. More
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specifically, the particles with triangle crystal flakes, which are signatures of exfoliated layer material.
Consequently, due to the crystal-like flakes, Raman Spectroscopy confirmed in Figure 4.5 that after 18
hours of ultra sonication particles show Δk=A1g-E2g=22.85cm-1, which there is between 2-3 MoS2 layer
flakes. Even though the particle fragmentation did not change substantially after 12 hours, shear forces
acting on the particles produced possible 2-3 layer flakes. In other words, 18-hour ultra-sonication
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sample generated possible exfoliated MoS2.
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Raman Spectroscopy spectra of 18-hour and non ultra-sonicated treated MoS2 powder
with optical micrographs of measured regions.

However, there were also regions in samples with ultra-sonication times from 30 minutes, 6, 12, and
even 18 hours were identifiable crystals seem to show typical MoS2 features. Some other studies with
similar ultra-sonication times but lower concentrations confirmed presence of exfoliated materials with
no more than 4 layer structure (Yu et al. 2013).
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Figure 4.6

Measured as-received WS2 powder, with a Burr probability distribution fit.

In the case of WS2, similar behavior was produced; nevertheless, different results were produced
when searching for the presence of 2D layer materials. Starting with Figure 4.6, the as received WS2
powder distribution provided particles with a mean size of ~29 microns with Burr probability
distribution fit, different than MoS2.
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Once exposed to the ultra-sonication experiment, the powder fragmentation increased rapidly for
the initial 30 min, similar to MoS2. After the 30 minutes of ultra-sonication, the distribution peaks
shifted to the particle sizes between 3 to 1 µm as ultra sonication time increased. Compared to MoS2,
WS2 did not produce any more significant changes in particles after the 30 minutes of ultra-sonication
exposure. Even though the fragmentation was insignificant after the first measurement when the powder
was exposed to agitation, WS2 also was exposed to a bimodal distribution at 12 hours of ultra-sonication.
This bimodal appearance, in which first and second mode peaks were closely together by 2 µm, was
only present at that time of ultra-sonication because it vanished after 18 hours. This constitutes that even
though the time increased and second modal appeared, the mean size of WS2 particles remained in the
same range. Because of the near proximity of both modes appeared at 12 hours and particle size
reduction transition factors, bimodal presence did not last long enough. A clear transition can be shown
in Figure 4.7, where the modal peak of the 18-hour sample relies in between of the bimodal peaks of the
12-hour sample measurement.
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It can be also possible that agglomeration of particles is taking place during Microtrac
measurements, as the particles decreased in their size also the particles tend to agglomerated, making the
Microtrac analyzer to measure a group of particles as a single particle.
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SEM micrographs of treated WS2 powder showing more particle dispersion as time
increases with fine particles.

Now, looking at the morphology of these WS2 particles, Scanning Electron Microscopy showed
clear signatures of crystalline structure with 120-degree hexagonal-like flakes, forming at the beginning,
during the initial 30 minutes of the ultra-sonication. In Figure 4.9, the particle shape and size reduction
can be seen at the different ultra-sonicated samples. Besides the particle reduction in Figure 13.iii and iv,
the micrographs’ background area is filled by the fine particles ultra-sonicated for 12 and 18 hours.
There were some other regions in which less-crystalline structures were found. Therefore, this less-
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crystalline (or non-120-degree shape) and the high-crystalline structures were compared in Raman
Spectroscopy to identify any possible WS2 layered material.

Figure 4.10

Raman Spectroscopy spectra of 18-hour and non ultra-sonicated treated WS2 powder
with optical micrographs of measured regions.

Raman Spectroscopy measured Δk18hr=68.63 cm-1, which is a value really close to the lesscrystalline particle. In Figure 4.10, Raman spectra is shown and less-crystalline spectrum was
superimposed onto the 18 hour sample with high-crystalline structure, so by looking at the Δk value of
the high-crystalline particle or at the Raman shift between both spectra, there is negligible differences.
Even though promising crystalline structures were clear signatures of 2D layer materials, unfortunately
Raman measurements suggested and confirmed that there were no indicatives of such layer structures,
but bulk material. There are also other studies in which the WS2 was successfully exfoliated in NMP
solution, but in that case concentration of WS2 was lower than the one use in this study (Cunningham et
al. 2012). Therefore, in order to carry out successful exfoliation of this material, concentration can be
lowered or power at which this ultrasonic experiment can be increase to produce the necessary shear
force to break-up the van der Waals bonds in the compound.
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Figure 4.11

Measured as-received graphite powder, with an Extreme Value probability distribution
fit.

Graphite particles in Figure 4.11, with a mean value of ~850 microns with Extreme Value
probability distribution fit, were also exposed to ultra-sonication at the same times as the latter TMDCs
materials. The graphite powder was considerably coarse, and as a result, the initial ultra sonication time
shifted the distribution by ~73% reduction of its original size in Figure 4.12. Even though the highest
fragmentation phase was between the control and the 30 minutes of ultra sonication, going from ~820
µm to ~225µm, the distribution in Figure 16 for the 30 minute ultra-sonication sample also generated a
bimodal distribution. Once this particle size reduction took place, the graphite particles remained in the
same range for both modes until it reached the 6 hours of ultra-sonication. After 6 hours of ultrasonication the graphite particles were also participants of a new reduction in size, which can be shown in
Figure 4.12 when looking at the 6 and 12 hours of ultra-sonication where the particles became one single
mode distribution, with mean size of ~6 µm. With all the sample measurement shown in Figure 4.12
there are distinct shifts to the left, favorable to the decrease in particle size. Furthermore, in Figure 4.13,
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it can be seen how the generation of new modal facets corresponds to the pronounced transition in
particle size, from ~825 µm to ~6 µm.
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Particle size distribution of treated graphite at different ultra-sonication times with an
inset graph for finer graphite particles.

The bimodal appearance, in the case of graphite powder, is shown at the platonic region in which
no changes are produced in particle size. Once the powder fragmentation rate increases after the 12
hours of ultra-sonication the bimodal appearance disappears to generate the transition from coarse to
fine particles. It is suggested that during ultra-sonication the smallest particle, possible for the operating
constant power, was attained when 12-hour ultra-sonication finished with fine particles of ~6 microns
and no bimodal distribution. These particles close to 6 µm and particles ultra-sonicated at the different
times were also characterized by Raman Spectroscopy measurements. Even though about half of the
identifiable crystals showed typical bulk graphitic features, the presence of possible mono to few layer
graphene was also recognized, which can be developed and functionalized in a polymer composite
matrix.
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Figure 4.14 shows the Raman spectra of a bulk and the few layer graphene structure in which
Δk18hr=1108.99 cm-1, but most important I2D/IG>2, being a clear signature of few layer graphene
structure. When compared this results with previous findings it can be confirmed the presence of fewlayer graphite structure, where there have been shifts in the 2D peak, which is a determining factor for
existence of few-layered materials (Yu et al. 2013).
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Figure 4.15

Measured as-received Al powder, with a Birnbaum Saunders probability distribution fit.

It is interesting to compare non-2D layered conductive materials with the TMDCs and graphene,
from the very first stage of the experimental movement. The as received Aluminum powder consisted of
Birnbaum Saunders probability distribution, shown in Figure 4.15, in which a clear distinction in the
distribution was already notable as compared to the other treated materials.
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After 30 minutes of ultra-sonication, there was not distribution shifts and a slightly change in the
form of the distribution, shown in Figure 4.16, but no bimodal distribution was generated. It was not
until 6-hour of ultra-sonication lapsed when fragmentation occurred; however, the Aluminum particles
still coarse as compared to the particles shown in MoS2, WS2 and Graphite. Aluminum powder particles
took 6 hours of ultra-sonication to achieve its highest fragmentation level, shown in Figure 4.17.
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This comparison between the metal, the TMDCs and graphite between 0 and 30 minutes of ultra
sonication is provided in Figure 4.18 as the fragmentation rate (FR). Highest fragmentation rate is
carried out by the graphite powder with -1176.4 µm hr-1 which had the highest initial particle size, the
following was WS2 with -32.4 µm hr-1 and also had the similar initial particle size as the Aluminum
powder.
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Moreover, MoS2 with the smallest initial particle size had a fragmentation rate of -3.8 µm hr-1.
Even though it was the lowest rate, MoS2 attained the 2-3 layers. In the case of the Aluminum, the
particles did not react the same in solution and in ultra-sonication such as the other materials; the
fragmentation rate was 0 µm hr-1, suggesting that metal properties with strong covalent bonds will resist
to particle fragmentation at the initial 30 minutes of ultra-sonication.
As ultra sonication takes place, stresses are present and are induced into the particles. These
induced stresses can act in compression or tension; as a result of these stress modes, the structure of any
material would be compromised. Therefore, X-Ray Diffraction analysis provided measurements of these
changes in crystalline structure, more specifically XRD provided with the changes in shift of the 2-theta
angle due to the change in d-spacing of the 4 ultra-sonicated materials. In Figure 4.19 the XRD spectra
of the different ultra sonication times is shown, and as seen through the particle measurement analysis
the biggest fragmentation rate was at the initial 30 minutes of sonication; therefore, it would be
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important to notice what was the behavior in terms of the shift in 2-theta. As expected, the greatest shift
in 2-theta was obtained with the 30 minute ultra-sonicated sample, in which both TMDCs and Graphite
show relative similar shifts in the compressive side, whereas in the case of the Aluminum powder the
shift is negligible. Therefore, similar behavior for 2D layered materials is seen when exposing them into
ultra-sonication in NMP solution for 30 minutes. Now, after subjecting the samples to 18 hours of ultrasonication, TMDCs and graphite took a different paths, in which the change in 2-theta in TMDCs was
reduced and shifted to right side on their tensile side. It was not the case for the graphite in which it was
reduced a minute fraction and remained in the same compressive direction. On the other hand,
Aluminum powder experienced a completely opposite behavior as the TMDCs, in which Aluminum
after 18 hours of ultra sonication the 2-theta peaks shifted from the negligible tensile direction to a
considerable shift of 10-degrees in the compressive direction.
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4.4.1 Optical Measurements
When the acrylic was subjected to the different radii of curvature, Cary 5000 was utilized to
measure optical absorption. When the composite is mechanically deformed as a function of radius of
curvature, there are two modes that should be considered; the first one is on the top surface of the
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composite, which is in tension and the second is the lower surface being compression. When tension
dominates in the deformation, particles separate from one another and absorption is lower. Now, if the
compression mode is the leading deformation mechanism, particles will shorten their distance between
one another and absorption will increase.
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Absorption spectra of graphite/graphene:acrylic composite at 250 mg mL-1 of
graphite/graphene concentration for the 6 radius of curvature.

In Figure 4.20, the optical measurements are shown for the 250 mg mL-1 concentration of
graphene, which shows a comparison between the radii of curvature, in which for ρ5 and ρ4 the
absorption decreases, meaning there is a tensile dependence, but once it goes to higher radius of
curvature, compression dominates and absorption increases again. This trend is also replicated in figure
4.21 in line GP 300 mg mL-1 at 550 nm in wavelength, in which the lowest absorption measurement was
when bending the composite to ρ4. Then, for higher concentrations of graphene in the acrylic the
response to optical absorption was not sensitive.
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4.2.2 Electrical Properties
Using the same radius of curvature fixtures as in the optical measurements for the acrylic
composite, electrical data was also measured, and in Figures 4.22-4.25 all the measurements at different
graphite/graphene concentrations can be seen. The behavior of the acrylic composites at different
concentrations achieved a set point between 300 mg mL-1 and 350 mg mL-1, in which the I-V response
proceeded with distinctive behavior in 250 and 300 mg mL-1 in contrast with the composites with 350
mg mL-1 and 400 mg mL-1.

It is well understood from Balberg et al that percolation theory is present

in conductive composites materials and that the there is a contribution of the non-nearest particles
causing tunneling effect. Their study suggested that there is a threshold percolation, in which the
particles on the matrix are not only connected electrically, but also are connected by the physical
geometry of the particles in clusters, or agglomerated particle (Balberg et al. 2004).
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I-V response of graphite/graphene:acrylic composite with 250 mg mL-1 of
graphite/graphene concentration at 6 radius of curvature.

In the created acrylic composites at the different graphite/graphene concentrations, the samples
seem to reach the percolation threshold. However, this percolation threshold it is reached at different
points of the I-V response, as a function of the graphite/graphene concentration and the radius of
curvature while bending the sample. In the case of Figure 4.22 the initial I-V response is trailed by the
non-nearest particles, in which percolation is not dominating the current flow; therefore, the non-ohmic
response is seen at ρ∞. The non-ohmic reaction, caused by tunneling effect, started ceasing and
percolation theory initiated dominance right after the 250 mg mL-1 samples was exposed to elastic
deformation at ρ5. The acrylic composite sample with 300 mg mL-1 in Figure 4.23 showed a similar
pattern as Figure 26, tunneling effect guided electrons with less resistance; however, in this samples the
non-ohmic form at ρ∞ was not as pronounced as the sample with lower graphite/graphene concentration.
But a particular response appeared at ρ4, which came up to be the curve with the most dominance of
percolation theory, even though the non-ohmic remained present at all I-V measurements with respect to
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the bending deformation. At this point, the two lower concentrations showed a behavior where tunneling
effect is present at all times, but it is more evident as the radius of curvature decreases.
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I-V response of graphite/graphene:acrylic composite with mg mL-1 of graphite/graphene
concentration at 6 radius of curvature.

Furthermore, in the relatively higher graphite/graphene concentration acrylic composites, the
configuration was completely contradictory. In Figure 28, 350 mg mL-1 sample, a transition happens in
which the percolation theory appears controlling current flow at ρ0. This different response clearly
identified a set point in which particles are agglomerating more and facilitates the increments in current.
Even though this new behavior for this composite appeared to dominate since the beginning of the I-V
measurements, surprisingly, the non-ohmic started to be more pronounced ρ increased. This behavior,
unlike the lower concentration samples, produced a tunneling effect to be more effective path than the
percolation theory.

36

100$

Current'(mA)'

50$
0$
!50$

ρ∞$

ρ5$

ρ4$

ρ3$

ρ2$

ρ1$

!100$
!20$
Figure 4.24

!10$

0$
10$
Voltage'(V)'

20$

I-V response of graphite/graphene:acrylic composite with 350 mg mL-1 of
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Finally, in Figure 4.25, the percolation threshold has been achieved by the samples with 400 mg
mL-1 graphite/graphene concentration. At ρ∞ the I-V response reaches linear, ohmic response, but once
more as ρ started to increase the non-ohmic curve began to emerge. These responses from the different
samples opens the discussion of why the lower concentrations produced non-ohmic to ohmic transition
as ρ increased, as the higher concentration samples developing a ohmic to non-ohmic response. The
answer to this question needs to consider the modes acting on the samples as a function of bending. As
the optical measurements, tensile and compressive modes became a part for suggesting analysis on
absorption acquisition; it is assumed that as ρ increases the shortest path that current flow can take is
through the compressive mode. Therefore, during this mode the distance between particles is much
smaller; this means that nearest neighbor particles lowers the resistance of current flow by creating the
shortest path at that radius of curvature. It is assumed then that clusters of particles are close enough to
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follow percolation theory. This approach or assumption can be understood at the lower concentrations in
which non-ohmic attempts to reach an ohmic linearity.
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I-V response of graphite/graphene:acrylic composite with 400 mg mL-1 of
graphite/graphene concentration at 6 radius of curvature.

On the other hand, the higher concentration samples did not recognize the compressive mode as
the lowest resistance path. Consequently, as the radius of curvature increases the non-ohmic reaction
shows to be more remarkable, which means that conductivity stops following percolation theory and
tunneling effect dominates the current flow. At higher graphite/graphite concentrations the current flow
is dominated by the tensile mode, in which particle distance increase as a function of radius of curvature.
While the deformation is increasing the current flow finds the further nearest particles, connected
electronically, but not physically, the path with less resistance. Both assumptions have to be considered
to understand the behavior of these two sets of graphite/graphene concentration. The acrylic composites
demonstrate to behave as a semiconducting material, in which quantum mechanics can dominate at
depending on the concentration and the radius of curvature with tunneling effect, represented by the
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non-ohmic behavior. The composites that were created showed sensitiveness of the percolation theory
and tunneling effect at every sample upon deformation with respect to the radii of curvature, especially
at the initial bending between ρ∞ and ρ5.
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Current v. radius of curvature plot at 3, 5 and 7 V for graphite/graphene:acrylic
composite at 250 mg mL-1 graphite/graphene concentration.

These four different graphite/graphene concentrations additionally produced changes in the
current y-axis. The current was expected to increase as the concentration increased. Even though this
was the case, the current always generated measurements in mA, only was exposed to one considerably
change in current. As seen in Figure 4.26, 250 mg mL-1, the initial current with no deformation was ~25
mA at 7V, then once the concentration was increased to 300 mg mL-1 there was no increment in current
at ρ∞, but the current remain close to 25 mA at 7V, Figure 4.27. However, once the previous discussed
threshold was achieved at 350 mg mL-1 the current increased substantially to ~80 mA at 7v, as seen in
Figure 4.28, and it remained there for the next increment in concentration, Figure 4.29. Even at no
deformation, the differences between low and high concentration are noted as the I-V responses explain
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at the beginning of this section. Even though the concentrations play a big role in this impressive change
in current, please note that tunneling effect and percolation theory decrease and increase the current
flow, respectively. After reviewing this changes in current at 7V with no deformation taking place at ρ∞,
let us now consider the current flow as the deformation took place.
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composite at 300 mg mL-1 graphite/graphene concentration.

From ρ∞ to ρ5 all different concentration acrylic composite samples experienced the considerable
values for current sensitiveness, which were calculated to be de following: 307.7 mA-cm for 250 mg
mL-1, -107.1 mA-cm for 300 mg mL-1, -456.0 mA-cm for 350 mg mL-1, and -250.9 mA-cm for 400 mg
mL-1. These current sensitivities suggest bringing suitable properties to strain sensing applications at this
particular deformation. It was anticipated that a drop of current could be observed after increases in
radius of curvature; however, this was not the only case detected. There were regions during I-V testing
measurements in which current increased and sections where the current experimented minimum
(neglecting) changes. While testing 250 mg mL-1 at greater ρ values, current decreases rapidly as seen in
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Figure 4.26, where sensitivity decreased to 0 mA-cm from ρ5 to ρ2, and finally from ρ2 to ρ1 the
sensitivity increased once more with minimum changes in current. In the case of the 300 mg mL-1
sample, the sensitivity was larger from ρ5 to ρ4 than from ρ∞ to ρ5, Figure 4.27. However, when
subjecting the sample from ρ4 to ρ3, it was exposed to sensitiveness in the opposite direction, which was
not expected, because this direction changed, generating an increment in current and continuing to
increase until ρ2 where no sensitivity was detected through ρ1. It has to be noted that the same bending
point, ρ4, was the same point where the sample experienced a decrease in absorption discuss previously
in Figure 4.21.
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composite at 350 mg mL-1 graphite/graphene concentration.

The increase in current can be explained by adopting the percolation theory, taking place as the
bending increases, which is what was stipulated in the latter discussion on the modes affecting the I-V
response. In 300 mg mL-1 sample the compressive mode is dominating the current flow as the elastic
deformation increases; therefore, percolation theory facilitates the current flow rather than tunneling
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effect where there is more resistance of the current flow. Explaining this, also confirms that the same
thing is happening in the 250 mg mL-1 sample in which, as previously mentioned, there is no substantial
decrease in current after the ρ5, where percolation starts leading the response carried by the compressive
mode. At the higher graphite/graphene concentrations, such as 350 mg mL-1, the current drop appears to
have similar effect as 250 mg mL-1 where from ρ4 to ρ3 the sensitivity is close to 0 mA-cm; yet, after ρ3
the current keeps decreasing. On the other hand, in Figure 4.29, 400 mg mL-1 sample shows that current
drops at every ρ value. In both cases higher resistances appeared as the deformation decreased, and
knowing the change from I-V curve response, it is suggested that this can confirm the tension
dominance at the higher concentrations where tunneling effect is more present than percolation theory.
Since there is a relationship of electrical and optical as a function of its mechanical behavior, the
composites discussed at this point can be set as optoelectronic and mechanical sensors using only the
small values for ρ.
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Once treated rubber bands were generated, only I-V measurements were performed, since there
was no transparent baseline to provide accurate optical measurements. In Figure 4.30, the measurements
of the treated rubber band for 37.5 mg mL-1 graphite/graphite concentration in NMP are shown. Unlike
from the acrylic composites, the I-V response for both concentrations showed an ohmic behavior at all
% strain measurements. In other words, each graphite/graphene rubber bands exhibited an ohmic
behavior regardless the change of percent strain due to the tensile motion produced by the localstandardize tensile device. During the transportation if the graphite/graphene dispersed in an NMP:water
solution. Both composites showed similar current with respect to voltage and % strain, only after 100%
strain the difference becomes a greater due to higher concentration.
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Figure 4.30 I-V response of elastomer (rubber band) treated in NMP:water:graphite/graphene solution
with 37.5 mg mL-1 of graphite/graphene concentration at strains. Schematic of rubber band tensile
mechanism is also shown.

For both concentrations, the most current sensitive region happened to be up to 50% strain,
shown in Figure 4.31, in which the sensitivity rate are for concentration 37.5 mg mL-1 was 0.90 V µA at
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7 V, 0.65 V µA at 5 V, and 0.39 V µA at 3 V and for concentration 75 mg mL-1 was 0.90 V µA at 7 V,
0.64 V µA at 5 V, and 0.38 V µA at 3 V, which means that in terms of sensitivity up to 50 % strain both
composites can be used for similar strain sensors.
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44

CHAPTER 5: CONCLUSION

Two-dimensional (2D) layered materials, specifically MoS2, WS2, and graphite, were studied
here using solution dispersion techniques along with a non-layered material, Aluminum powder. All
four of these materials were subject to chemical liquid exfoliation under ultra-sonication in NMP solvent
at a constant power of the sonicator and concentration. Once these materials were exposed to these
experimental conditions, the layer number of the exfoliated MoS2 and graphite using Raman
spectroscopy revealed the presence of few layer nanoplatelets. Similarly, the particle size distribution
analysis, as appeared to be a promising characterization technique to evaluate treated materials, from
which it was concluded that the greatest effect or change in particle size occurred during the initial 30
minutes under ultra-sonication for the 2D layered materials, in contrast to Al which showed a
fragmentation rate of zero during the initial 30 minutes of sonication time. Other characterization
techniques were also utilized, specifically Scanning Electron Microscopy (SEM) and X-Ray Diffraction
(XRD) analysis, from which the structural effects of the sonication on the materials investigated were
unveiled. In particular, a shift in the characteristic peaks of the XRD spectra as a function of the
sonication time was correlated to the induced stresses on the crystal structure in all of the materials
investigated.
Such treated samples were introduced into polymer matrices, specifically an elastomer and an
acrylic, to evaluate the optical and electrical properties of these composite structures. MoS2, WS2, and
Aluminum did not produce electrical signals because of the high resistance present in the composite. On
the other hand, graphite:polymer composites provided optical and electrical data; in each case, different
behaviors were discovered. In the case of the rubber band or elastomer composite, I-V response showed
ohmic behavior because of the linear reaction. For graphite:acrylic composite ohmic and non-ohmic
behavior were observed. It was suggested that, in the case of the acrylic composites, percolation theory
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and tunneling effect alongside compressive and tensile modes serve as a route to understand each
observed behavior.
Through this thesis work, powder materials were successfully exposed to chemical liquid
exfoliation. Moreover, hybrid materials were formulated, which provided attractive optical and electrical
properties during elastic deformation and as a function of strain. The material composites that were
created throughout this work serve as baseline for future work in opto-electro-mechanical devices.
R
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